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Abstract 
Composites consisting of 8 mol.% yttria-stabilized zirconia (8YSZ) and 1 wt.%, 5 wt.% and 10 wt.% 
multiwall carbon nanotubes (MWCNTs) have been prepared by attrition milling and spark plasma 
sintering (SPS). The effect of sintering temperature and MWCNT content on the microstructural 
features including apparent density, phase transition, crystal size and mechanical properties were 
investigated. The phase transformation during the sintering process was observed with X-ray 
diffraction. The MWCNT stability was investigated by Raman spectroscopy. Vickers hardness and 
indentation fracture toughness of 8YSZ/MWCNTs composites were evaluated and compared with 
reference 8YSZ composite. The crack propagation mechanisms of composites were determined. 
MWCNT pull-out, crack bridging and crack deflections were found and constituted a key factor of 
fracture toughness enhancement in the composites with MWCNT addition.  
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1. Introduction  
The important structural properties of zirconium dioxide named also zirconia made this 
material widely investigated for many applications where high strength, high toughness, high 
ionic conductivity and good stability at high temperature are required [1]. Thanks to its high 
ionic conductivity, zirconia composites play an important role in solid oxide fuel cells 
(SOFC) devices operating at high temperature [2]. Indeed, in these high efficient and 
environmental friendly power generation devices, zirconia enables the transfer of oxygen ion 
from the air cathode to the anode which is mostly based on Ni-YSZ [3]. Zirconia is known to 
have three phases: monoclinic phase below 1170 °C, tetragonal phase between 1170 °C and 
2370 °C, or cubic phase stable at very high temperature above 2370 °C. The transition from 
monoclinic→ tetragonal→ cubic induces a volumetric change of zirconia lattice. Usually, to 
stabilize zirconia cubic and tetragonal phase at room temperature many typical dopants can be 
introduced for instance: Y2O3, Mg3N2, MgO and CaO [4]. Also, to stabilize cubic phase high 
amount of dopant (8YSZ) is required. However, 3YSZ (3 mol% Y2O3) is enough to stabilize 
tetragonal phase. Some studies claimed that the presence of small carbon fraction into cubic 
zirconia composite may boost its stability at room temperature [5]. Despite of the wide-
ranging application of ceramics, they are still limited by their dramatic brittleness to be 
effective in several applications. The incorporation of conductive nanosized materials into 
ceramic matrix such as: multiwall carbon nanotubes (MWCNTs), single walled carbon 
nanotubes (SWCNTs) graphene or boron nitride nanotubes (BNNTs) led to a significant 
enhancement in the mechanical as well as electrical properties [6]. Thanks to their superior 
properties, nano-conductive material forms an additional resistance barrier when the stress is 
applied resulting in pull-out, crack bridging and crack deflection [7]. However, several 
authors reported dissimilarities of the nanostructured materials effectiveness into ceramic 
matrix. Indeed, this can be due to several obstacles that might be overcome during the 
preparation period, or sintering treatment. The typical obstacles include (i) difficulty to 
uniform MWCNTs dispersion into zirconia matrix, causing a tremendous defects and 
agglomerations issues, (ii) conductive nanosized materials mainly CNT and graphene can be 
easily damaged by the high sintering temperature and therefore, react with the oxide matrix 
[8]. Spark plasma sintering (SPS) an advanced and rapid technique for ceramic consolidation 
showed minimal damage and high densification for ceramic based nanoconductive materials 
[9].  L. Melka et.al studied tetragonal zirconia polycrystals doped with 3 mol.% yttria (3Y-
TZP) and multiwalled carbon nanotubes (MWCNTs) content from 0.5 to 4 wt.% [10]. A 
strong increase in the electrical conductivity for the sintered composite with 0.5 wt.% 
MWCNTs content has been claimed.  J.-J. Xu et. al. used boron nitride nanotubes (BNNTs) 
instead of CNT or graphene to improve zirconia fracture toughness [11]. BNNTs with 0.5 
wt.%, 1 wt.% and 2 wt.% were added to zirconia matrix. The highest ﬂexural strength and 
fracture composite were found in the composite with 1 wt.% of BNNTs (1143.3 MPa and 
13.13 MPam
1/2
,
 
respectively). A. Duszova et.al. studied the effect of CNTs content on the 
mechanical and electrical properties of monolithic zirconia [12]. The addition of the CNTs 
decreased the hardness and indentation toughness from 1297 kg/mm
2
 to 830 kg/mm
2 
and from 
8.01 MPam
0.5 
to 5.6 MPam
0.5
, respectively. This fact was attributed mainly to the residual 
porosity remained in the material after sintering. A. Gallardo-López et. al. prepared yttria 
tetragonal zirconia ceramic composites with 1 vol.%, 2.5 vol.%, 5 vol.% and 10 vol.% 
nominal contents of graphene nanoplatelets (GNPs) [13]. The mixture was synthesized using 
ultrasonic probe agitation of graphene nanoplatelets. Fully dense composites were obtained 
after sintering at 1250 °C for 5 min. The Vickers hardness decreased with GNP content from 
13.9 GPa in 3YTZ to 8.1 GPa in 3YTZ with 10 vol.% GNPs. Moreover, significant hardness 
anisotropy was obtained in the perpendicular plane to the sintering compared to the cross 
section. This anisotropy augmented with GNP content. A.M. Zahedi et.al. compared the 
effectiveness of CNTs dispersion in wet and dry media to avoid agglomerations [14]. The 
density of the samples prepared in wet media was generally higher compared to dry media 
samples. This was attributed to high CNTs homogeneity found in wet media method.  
In this work, the effect of sintering temperature and MWCNTs content on mechanical 
behavior of 8YSZ/MWCNTs composites has been studied. 
 
2. Experimental procedure 
2.1. Starting materials and sintering processes 
The preparation of three zirconia composites (ZrO2 /8 mol. % Y2O3, Sulzer Metco AMDRY 
6643) with 1 wt.%, 5 wt.% and 10 wt.% multiwall carbon nanotubes addition (MWCNTs, 
type NC3100™, Nanocyl) has been carried out. The structural properties of MWCNTs were 
investigated using High Resolution Transmission Electron Microscopy (HRTEM). The 
powder mixtures including the reference without any addition of MWCNTs were milled with 
130 g ethanol and 280 mL zirconia balls (each of 1 mm in diameter) to reach high dispersion 
of MWCNTs in the 8YSZ matrix from one side, and to increase the surface area of the grains 
by decreasing their size from another side. High efficient attrition milling (Union Process, 
type 01-HD/HDDM) was performed at 4000 rpm for 5 h. The powders were then dried at 172 
°C for 25 minutes, and ﬁltered with mesh size of 100 μm. The powders mixtures were 
sintered at 1400 °C by Spark plasma sintering (SPS, HD P5 equipment FCT GmbH) using a 
graphite die. The details of preparation are presented in Tab. 1. An optical pyrometer 
positioned on the upper graphite punch has been applied for temperature control. The powder 
mixtures were then heated under vacuum (1mbar) at a rate of 200 °C/ min
−1
 with on/off 
current pulses of 3/1 ms, 2.2 kA and 5 V. An uniaxial pressure of 50 MPa was maintained 
during sintering cycle with a dwell time of 5 min. The final sintered pellet size was 30 mm in 
diameter with a thickness of 5 mm. The pellets were grounded and polished using silicon 
carbide papers from 80 µm to 1200 µm. Additional polishing has been applied for some 
samples to ensure the total removal of the graphite foil using polycrystalline diamond 
suspension. The specimens were sawed into bars of about (4.8 mm × 4.4 mm × 30 mm) by 
diamond cutting (Struers secotom-50). 
Table1 
2.2. Density and mechanical measurements 
The apparent and bulk densities of the composites were measured using Archimedes method 
(Equation 1 and 2 respectively) with water as the immersion medium. Some composites with 
high surface porosity have been immersed into water + lubricant (soap) for at least 3 days to 
ensure the total filling of the pores. Further, the apparent porosities of the composites were 
calculated according to (Equation 3). 
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where,         is water density equal to 1g/cm
3
 at room temperature, (wt) refers to the weight 
in (g). 
The diagonal length (d) was measured with Vickers hardness test (Leitz Wetzi AR Germany) 
at a load of 19.61 N with a dwell of time of 30 s for each polished composites. 7 indents have 
been performed throughout the sample’s surface diagonal with a displacement step of 4 mm, 
to investigate the hardness homogeneity. The hardness values were estimated according to 
(Equation 4): 
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where, F is the applied load (N), d is the diagonal length (mm) and Hv is the estimated 
hardness (GPa). Fracture toughness (KIC) was obtained using the valid equation (5) 
proposed  by Shetty [15]: 
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(5) 
where, l (mm) is the length of the crack from the indentation corner. 
X-ray diffraction (XRD) analysis was carried out to evaluate new phase occurrence during the 
sintering process that might be caused by the high amount of MWCNT in contact with 8YSZ 
matrix. Phase identification and a standard less quantitative analysis of the composites were 
performed using the Bruker Diffrac. EVA software based on the ICDD JCPDS 2003 data 
base. Standard less quantitative analysis method is based on the comparison of the peak 
intensities of the identified phases to the intensities of a corundum standard [16]. High and 
low magnification micrographs were recorded by Scanning Electron Microscopy (SEM, 
LEO1540 XB) to understand the different physical phenomenon in accordance with the 
experimental results namely surface porosity, MWCNT pull-out, crack bridging, crack 
deflection. Raman spectroscopy is a non-destructive method to investigate the atomic bonding 
properties and the microstructure. Renishaw 1000 B micro-Raman spectrometer attached to a 
Leica DM/LM microscope was used to examine Raman spectroscopy at room temperature in 
the wavenumber range of 150 - 3500 cm
-1
 with 488 nm laser excitation. The spectral 
resolution of the system is 2.5 cm
-1
 and the diameter of the excitation spot is 1 µm. 
3. Results and discussion 
3.1. Density and microstructure 
Reference yttria-stabilized ZrO2 (8YSZ) exhibited an average grain size of about 40 μm and cubic 
phase as a main structural feature (Fig. 1). MWCNTs inner/outer diameter was 3.8 nm and ) 9.13 nm, 
respectively. 
 
The diameter of the MWCNTs varied from 7 to 9 nm. The apparent and bulk density 
measurements of the sintered composites are illustrated in (Fig. 2a) and (Fig. 2b), 
respectively. The highest apparent density was achieved with 1 wt.% of MWCNTs addition 
(6.76 g/cm
3
, C1 composite) followed by 6.02 g/cm
3
 found in C0 composite. However, the 
apparent density dropped to lower values with increasing MWCNTs content. Inversely the 
bulk density showed a slight rise in the case of C5 and C10 composites compared to their 
apparent density from 4.97 g/cm
3
 to 5.44 g/cm
3
 and from 4.36 g/cm
3
 to 5.02 g/cm
3
, 
respectively. However, the bulk density of C1 decreased to 5.80 g/cm
3
 and standalone 8YSZ 
(C0 composite) maintained practically the same relative density. The increase in bulk density 
at high amount of MWCNTs could be attributed to the additional pores volume between and 
inside the particles taken into consideration during its evaluation. A detailed graph 
considering the apparent porosity of the composites is illustrated in (Fig. 2c). The apparent 
porosity revealed close results between (C0 / C1) composites on one hand and between 
(C5/C10) composites on the other hand. Therefore, the four composites can be divided into 
two categories.  
The first category is the so-called close pore composites referring to C0 and C1 composites 
and having minimal/maximal porosity of (~ 33 %, ~16.5 %) respectively. While, the second 
category is considered as composites with open pores (C5 and C10) with minimal/maximal 
porosity of (~ 41.6 %, ~ 50 %) respectively. SEM images performed on the polished cross 
sections surface for both category of samples with closed and open pore are depicted in Fig.3. 
The detailed surface morphology in the inset image revealed at first sight a smooth, 
homogeneous and tenacious surface for standalone 8YSZ (Fig. 3a).  
Additionally, the surface area of C1 composite (Fig. 3b) was mainly predominated by nano-
metric dark spot reflecting a good MWCNTs distribution in 8YSZ matrix and a high 
interfacial bonding resulting in a microstructure reﬁnement. However, a small fraction of dark 
spot with a bigger size ranged approximately from 2 μm to 4 μm has been also observed and 
refers to MWCNTs aggregation. By contrast, it is most remarkable that the surface 
morphology of the YSZ containing high amount of MWCNTs 10wt% (Fig. 3c) exhibits a 
reduced interfacial bonding between 8YSZ and MWCNTs, a deep superficial porosity and 
high agglomeration of MWCNTs. These effects, led to form a rough surface and 
discontinuous 8YSZ particles embedded in a dark phase composed by MWCNTs 
agglomerations. 
 
3.2. Phase composition of 8YSZ/MWCNTs composites  
XRD analysis was performed on the sintered samples to determine the phase composition. 
XRD patterns (Fig. 4) revealed the presence of cubic and tetragonal zirconia phases in all the 
composites including reference and the monoclinic phase only in the composites with 
MWCNTs. The strongest peak was conducted by both cubic (PDF89_9069) and tetragonal 
(PDF80_2155) phase appearing at 2ϴ of 30.119 ° and 30.270 °, respectively. The following 
two intense peaks refer to the tetragonal phase at 2ϴ of 50.424 ° and 59.816 °. Other peaks of 
cubic phase with minor intensity were seen at 2ϴ of 34.918 °, 62.617 ° and 81.669 °. The 
YSZ monoclinic (PDF65_1023) phase was perceived mainly at a high amount of MWCNTs 
(C5 and C10) at 2ϴ of 28.06 ° and 31.3 °.  
Tab. 2. summarizes and quantifies the structural phase transition with the corresponding 
crystal size perceived in each composite according to MWCNTs content sintered at 1400 °C. 
At powder state, the cubic phase was recorded as a main phase composing C0, C1, C5 and 
C10. The current XRD investigations revealed the appearance of new phases namely 
tetragonal and monoclinic resulting from sintering process by SPS at 1400 °C. In the case of 
8YSZ ceramic C0, a huge percentage of phase transition from cubic to tetragonal was found, 
about 24.8 % cubic via 75.2 % tetragonal. The cubic phase was higher, while the tetragonal 
phase decreased in C1, C5 and C10 compared to YSZ ceramic. The minor monoclinic phase 
in C1, C5 and C10 resulted mainly from tetragonal phase transition. 
3.3 Stability of MWCNTs in composites 
Scanning Raman spectroscopy measurements were performed to confirm the presence of 
MWCNT in the composites and determine structural changes caused by sintering. Four 
typical Raman spectra are shown in the 150 - 3500 cm-1 wavenumber region, which were 
measured on composites with different MWCNT content (Fig. 5). In case of pure YSZ 
(reference, C0, black line) scattering peaks related to yttria stabilized zirconia which are in 
accordance with literature works [17,18].  Characteristic Raman peaks of YSZ are less 
intensive or completely absent in case of YSZ / MWCNTs composites (C1, C5 and C10) in 
the 100 to 700 cm−1 wavenumber region. Additional strong peaks have been observed around 
1590 cm-1 (G band) and 1355 cm-1 (D band), which are related to the MWCNT [19]. The G 
band is related to the stretching vibration of the sp2 C-C bonds, while the D band is associated 
with the presence of structural defects in the MWCNT. Raman spectra also exhibited a wide 
band at higher wavenumbers, the so called 2D band, which appears at 2687 cm
−1
, 2684 cm
−1
 
and 2690 cm
−1
 for 1 wt.%, 5 wt.%, 10 wt.% MCWNT content, respectively. The 2D band 
feature originate in a two-phonon, second-order Raman scattering process in carbon 
nanotubes [20].  
The intensity ratio of D and G band (ID/IG) has been widely used to investigate the structural 
purity (structural defects and disordering) of MWCNTs or the presence of agglomerations 
[21-22], hence the intensity of D band is defect dependent. In principle, the larger the number 
of defects, the higher the D band intensity. Peak positions and intensity of distinct scattering 
bands were determined by Lorentzian fitting of Raman spectra shown in Fig.5. Although such 
procedure has some uncertainty because of the number of free parameters, it can provide 
additional information about the YSZ / MWCNTs composites. We found that the ID/IG ratio 
is 0.6 for C1, 0.9 for C5 and 0.8 for C10, which values are in good accordance with previous 
morphological observations showing the presence of structural defects and agglomerations in 
the YSZ / MWCNTs composites as a result of sintering. Among the composites, C5 contains 
MWCNTs with more structural defects compared to the others according to its highest ID/IG 
ratio (0.9). 
 
3.4. Mechanical properties of 8YSZ/MWCNTs composites 
Ceramic based conductive nanosized material resist differently to a compressive and uniform 
stress as reported by the literature. A number of studies are currently available on zirconia 
reinforced with MWCNTs, single-walled carbon nanotubes (SWCNTs), double-walled carbon 
nanotubes (DWCNTs) or graphene. M. Michálek.et .al studied the mechanical properties of 
incorporating 1 vol.% of MWCNTs into alumina, and alumina/zirconia matrices. They found 
an increase of about 8 % and 35 % in fracture toughness for both composites respectively, 
compared to the monolithic alumina (reference) [22]. J-H. Shin. et. al fabricated yttria-
stabilized zirconia (YSZ) ceramics reinforced with reduced graphene oxide (RGO) by spark 
plasma sintering (SPS). The composite hardness was decreasing with RGO addition, while the 
fracture toughness undergoes an increase from 4.4 to 5.9 MPa
1/2
 [23]. A. Kasperski et .al 
studied the mechanical properties of YSZ/DWCNTs composites sintered by (SPS) with 
carbon contents up to 6.3 wt.%. In that study the highest mechanical properties (σf 694 MPa, 
KIc  7 MPam
1/2
) were obtained for the composite with low carbon contents 1.2 wt.%. (σf) and 
(KIc) refers to the fracture strength and the single-edged notched beam fracture toughness 
respectively. However, the fracture toughness was inferior to that of standalone YSZ ceramic 
[24]. The behaviour of zirconia matrix under a certain applied compressive load changed with 
the addition of MWCNTs. In fact, the matrix dissipates the applied stress to MWCNT fibres. 
This mechanism played an important role in improving the fracture toughness of the 
composites. MWCNT pulling-out, crack bridging, crack deflection and branching are among 
the typical phenomena resulting from toughening zirconia with MWCNTs.  
The properties of MWCNTs are considered as crucial factors that control the efficiency of 
stress transferred from the matrix to the fibre. The indentation and the crack propagation in 
the different categories of the samples namely first group with closed pores (YSZ, YSZ/1 
wt.% MWCNTs) and second group with open pores (YSZ/10 wt.% MWCNTs) sintered at 
1400 °C, have been carefully examined and magnified under SEM. As delineated in Fig. 6. 
MWCNTs pulling-out and bridged region are visible in the reinforced YSZ with 1 wt.% 
composite (Fig. 6b). Two interesting observations were noticed during the crack propagation 
analysis between the standalone matrix and the reinforced matrix with 1 wt.% MWCNTs. 
Generally, the average crack path length calculated from the indentation centre was more or 
less higher than that of the unreinforced matrix about  50 µm via  46 µm. This could be 
attributed to the residual porosity induced by the MWCNTs (Fig. 6b). Further, the crack 
widths were narrowed to an average  76 µm compared to that of the standalone matrix  120 
µm. Indeed, the observed bridged regions in the reinforced composite form an obstacle that 
protect the crack from reaching a critical state and consequently prone to failure. Thus, the 
crack path appears more restrained and tapered. On the other hand, the pull-out of MWCNTs 
occurs when the transferred stress exceeds the interfacial shear stress, the latter depend largely 
on the number of MWCNT walls, their thickness, elastic modulus, and volume fraction [7]. 
 
Conversely, an inconsistent matrix was observed in the case of 8YSZ containing 10 wt.% of 
MWCNT (Fig. 6c). The incoherence in 8YSZ matrix containing 10 wt.% MWCNTs 
composite was attributed to discontinuity of zirconia particles and deep open porosities on 
surface. Moreover, (Fig. 6c) draw clearly the aggregation of MWCNTs that degrades the 
fracture toughness resistance, similar results have been reported by numerous studies [25]. In 
this case, the dispersion of the stress occurs throughout the pores starting from the centre of 
indentation and ending after a long unrestrained path. Thereby, this material exhibited low 
mechanical properties. Fig. 7 indicates the contribution of crack deflection and crack 
branching in the toughening mechanism for C1 composite. It was assumed that crack 
deflection takes place when the crack tends to follow the grain boundaries and therefore 
reflects the composite microstructure [26].  
Furthermore, the possibility of phase transformation occurrence from metastable tetragonal 
zirconia to monoclinic was highly believed in 8YSZ/1 wt.% MWCNTs composite. The 
existence of microcrack along the crack path axes as marked in Fig.8 provides the evidence of 
lattice volumetric expansion. Additionally, the difference of thermal expansion coefficient 
(CTE) mismatches between zirconia matrix (10.3×10
-6 
°C
-1
) and MWCNT (1.6-2.6×10
-5
°C
-1
), 
must be taken into account during the estimation of the overall structural phenomenon 
involved in improving the toughness of ceramic composites. Thermal expansion coefficient 
depends on several properties of the composite constituent. For instance, micro structural 
phases, the distribution and the volume fraction of MWCNTs into ceramic matrix, and finally 
the interaction features between the grains and the fibres especially at large volume fractions 
[27]. Therefore, thermal residual stress is often provoked during the cooling state of the 
composites at room temperature as a result of (CTE) differences. The residual stress in 
composites can be expressed as [28]. 
 
  
     
                     
 
(6) 
 
 Fig. 8 illustrates the Vickers hardness results of 8YSZ/MWCNTs composites sintered at 1400 
°C in function of surface displacement. The variation of Vickers hardness with surface 
displacement was practically homogenous and reached high values  13.49 GPa for 8YSZ 
ceramic and  12.44 GPa for 8YSZ containing 1 wt.% of MWCNTs. The average hardness for 
C5 and C10 composites decreased sharply to low values  5 GPa and   2.7 GPa successively. 
Fluctuations reflecting the non-homogeneity of Vickers hardness were highly indicated in C5 
and C10 curves. The experimental hardness measurements confirmed the previous 
microstructural investigation shown in Fig. 3, 6 and 7. 
 
 
The indentation fracture toughness at different positions of 8YSZ/MWCNTs composites were 
comparable with 8YSZ composites (Fig. 9). The fracture toughness variation line of C1 had 
initially an upward trend followed by a flat band region where the two variations lines of C1 
and C0 were almost overlapping each other at an average ~ 3.2 MPa.m
0.5
. In some positions 
we noticed that C1 line slightly exceed that of C0 (3.2 MPa.m
0.5
 via 2.6 MPa.m
0.5
) before it 
dropped back again to its initial value. On the other hand, the fracture toughness decreased 
rapidly to low values   1.5 MPa.m0.5 and   1.3 MPa.m0.5 when MWCNTs content has been 
increased to 5 wt.% and 10 wt.% respectively. The improvement of the fracture toughness in 
some positions of C1 composites is originated from the previously discussed toughening 
mechanisms (MWCNT pulling-out, crack bridging, crack deflection, crack branching and 
phase transformation) confirmed by SEM investigation assessed upon the composite surface 
before and after the indentation. 
 
Conclusion 
 
The present investigation of YSZ/MWCNTs composites prepared by attrition milling and SPS 
at 1400°C conducted mainly to the following conclusions: 
- The structural investigation of 8YSZ and 8YSZ/1 wt.% MWCNTs revealed smooth and 
homogeneous surfaces. Inversely, when MWCNTs content increased the surface unveiled a 
reduced interfacial bonding between 8YSZ and MWCNTs, and deep open porosity on 
surface. This in turn led to low mechanical properties. 
-  Increase of MWCNTs content influenced phase transition from cubic to tetragonal and the 
increase in the monoclinic phase after sintering. 
- The Raman investigations proved the stability and integrity of MWCNTs in composites 
- The variation of Vickers hardness with surface displacement was practically homogenous 
and reached high values  13.49 GPa for YSZ and   12.44 GPa for YSZ/1 wt.% MWCNTs. 
The indentation fracture toughness of YSZ/1 wt.% composite was mostly equal or higher than 
that of YSZ (÷ 3.2 MPa.m
0.5
). 
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Fig. 1. Structural investigation of base materials. a) TEM image of MWCNTs and b) SEM 
image of 8YSZ. 
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Fig. 2. Densities of C0, C1, C5 and C10 composites. a) Apparent density, b) Bulk density, c) 
Apparent porosity. 
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Fig. 3. SEM micrographs showing the morphological differences between composites. a) C0, 
b) C1 and c) C10. 
 
 
Fig. 4. XRD pattern for C0, C1, C5 and C10 composites. 
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Fig. 5. Raman spectra of the sintered composites confirming the structural integrity of MWCNTs into 
8YSZ matrix and quantitative evaluation of MWCNT damages during sintering process based on 
ID/IG ratio calculation. 
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Fig. 6. Crack patterns and indentation produced by Vickers hardness. 
a) C0, b) C1 and c) C10. 
 
 
 
Fig. 7. SEM image showing crack deflection, crack branching and the possibility of phase 
transformation occurrence (tetragonal to monoclinic) in C1 composite. 
 
  
Fig. 8. Variation of Vickers hardness with surface displacement for C0, C1, C5 and C10 
composites. 
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 Fig. 9. Variation of indentation fracture toughness with surface displacement for C0, C1, C5 
and C10 composites. 
 
Tab. 1. Percentage of 8YSZ and MWCNTs in C0, C1, C5 and C10 composites. 
Sample Yttria-stabilized ZrO2 (wt.%) MWCNT (wt.%) 
C0 100 0 
C1 99 1 
C5 95 5 
C10 90 10 
 
Tab. 2. Structural phases and crystal size parameters calculated with Standard less 
quantitative analysis method for C0, C1, C5 and C10 composites prepared by SPS at 1400°C. 
Sample Sintering  
Temp. 
(°C) 
Cubic 
phase. 
(%) 
Cryst 
Size 
(nm) 
Tetragonal 
phase. (%) 
Cryst. 
size 
(nm) 
Monoclinic 
Phase. (%) 
Cryst. 
size 
(nm) 
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)
Displacement in the surface, d (mm)
 C0     Composite
 C1     Composite
 C5     Composite
 C10   Composite
C0 1400°C 24.8 50.4 75.2 43.4 0 0 
C1 1400°C 34.6 41.8 63.1 41.9 2.4 37.1 
C5 1400°C 28.4 41.7 67.3 36.4 4.3 24.6 
 C10 1400°C 37.4 48.7 58.4 53.2 4.2 27.4 
 
 
 
 
 
 
